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Available online 20 October 2016The cyanobacterial wild-type strain Synechocystis sp. PCC 6803 and its engineered strain BW86 were cultivated
under deﬁned conditions in photobioreactors to investigate the effect of phosphate availability on cyanophycin
accumulation. Cyanophycin, multi-L-arginyl-poly-L-aspartate, can be deployed as amino acid source or can be
chemically converted into polyaspartic acid, a biodegradable polymer. In previous studies it was demonstrated
that a single point mutation in the PII signaling protein from the Synechocystis wild type is sufﬁcient to unlock
the arginine pathway causing an over accumulation of the biopolymer cyanophycin in BW86. One process strat-
egy to evoke cyanophycin synthesis in Synechocystis is nutrient starvation. Therefore, different phosphate con-
centrations from 17.5 to 175 μM were tested. Progressive phosphate starvation resulted in an increased
cyanophycin accumulation. The highest obtained cyanophycin amounts in g cyanophycin per g cell dry mass
were 18% and 40% for Synechocystis sp. PCC 6803 wild type and BW86 respectively, demonstrating that phos-
phate starvation is an effective route for biotechnological cyanophycin production. By evaluating cyanophycin
and phosphor quotas per cell dry mass, it was possible to determine the speciﬁc required amount of phosphor
to accumulate cyanophycin and to initialize stationary growth phase. Phosphor quotas in the range of 4 to
1mgphosphor per g cell drymass triggered cyanophycin biosynthesiswhile Synechocystis entered the stationary
phase at phosphor quotas of 1 mg phosphor per g cell dry mass or less. Additionally, light kinetics was deter-
mined. Photon ﬂux densities exceeding 46 μmol photonsm−2 s−1 result in a maximum growth rate of 1.32 d−1.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Cyanobacteria are photosynthetic gram-negative prokaryotes. Be-
sides their ability to obtain energy by oxygenic photosynthesis, they
are known to synthesize reserve substances like cyanophycin,
polyhydroxybutyrate (PHB) [1] and glycogen [2]. The accumulation of
cyanophycin or multi-L-arginyl-poly-L-aspartate, a nitrogen and carbon
reserve polymer, is unique for cyanobacterial metabolism and a few
other heterotrophic bacteria [3–7].
Extracted cyanophycin can be chemically converted to polyaspartic
acid, a biodegradable substitute for polyacrylic acid which can be used
for many technical and medical applications [8,9]. Furthermore,
cyanophycin could be used as a possible amino acid source for arginine
and asparagine. Cyanophycin-derived dipeptides as natural alternatives
to the widely applied amino acid mixtures are under discussion [10].ring in Life Sciences, Section III:
ogy (KIT), Fritz-Haber-Weg 2,
ann).
. This is an open access article underCyanophycin consists of a polyaspartic acid backbone, its β-carboxyl
groups are linked via amid bonds to the α-amino group of L-arginine.
Aspartic acid and arginine are usually present in equimolar amounts
in cyanophycin. The molecular masses of the polymer range from 25
to 100 kDa [11–14]. Cyanophycin is located in the cytoplasm in form
of optically opaque granules. It is soluble under acidic, pH b 2, or alka-
line, pH N 9, conditions and insoluble at physiological pH [15,16].
Cyanophycin is non-ribosomaly synthesized by the cyanophycin syn-
thetase (CphA) and can be degraded by the enzyme cyanophycinase
within the cell (CphB) or extracellularly by the cyanophycin hydrolyz-
ing enzyme CphE, which is excreted by other bacteria like Pseudomonas
anguilliseptica [17]. It has to bementioned that other proteases like pep-
sin, leucine aminopeptidase, chymotrypsin or α- and β-carboxypepti-
dases are not able to degrade cyanophycin [18–21].
The cyanophycin content of Synechocystis sp. PCC 6803 (from now
on Synechocystis 6803) and other cyanobacteria varies depending on
the growth phase and environmental conditions. During exponential
growth, a cyanophycin content of roughly 1% per cell dry mass (CDM)
is reported while higher contents up to 18% per CDM are synthesized
under unbalanced conditions, as there are nutrient starvation e.g. of
phosphate or sulfate, adverse light intensities and low temperaturethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tibiotic which inhibits protein synthesis, stimulates cyanophycin syn-
thesis in Anabaena cylindrica. Cyanophycin contents up to 46% (w/w)
were achieved in cultivations of Acinetobacter calcoaceticus by using a
phosphate-limited medium spiked with arginine and chloramphenicol
[24]. Generally, cyanophycin accumulation is depending on the avail-
ability of arginine [25].
It is also possible to obtain increased cyanophycin concentrations by
genetic engineering. The key enzyme of the arginine pathway, acetyl
glutamate kinase (NAGK), is controlled by the global carbon-nitrogen-
energy-status sensing PII signaling protein, which is a member of the
widely distributed family of PII signal transduction proteins, present in
bacteria, plants and archaea [26]. PII proteins are involved in the regula-
tion of nitrogen assimilation. Therefore PII senses the cellular energy
level by binding ATP or ADP, as well as the carbon/nitrogen availability
by 2-oxoglutatate [27–29]. Depending on the bound effector molecules
and phosphorylation status, PII changes its conformation leading to a
structural rearrangement of the T-loops,which are themajor protein in-
teraction structures [30]. Under nitrogen excess conditions, PII binds to
NAGK [31] and strongly enhances its activity. A PII variant with a single
amino acid replacement, Ile86 to Asp86, is responsible for a constitu-
tively in vivo activation of NAGK, which leads to the accumulation of
cyanophycin in high amounts in this strain, named BW86. Under phos-
phate-limited conditions this engineered strain accumulated an ex-
tremely high cyanophycin content per CDM, which is 57% [32]. To our
knowledge this is the highest cellular cyanophycin content in a bacterial
cell reported so far.
Here the engineered strain Synechocystis BW86 is used to investigate
the quantitative effect of phosphate availability on cyanophycin accu-
mulation. Experiments were carried out in photobioreactors under de-
ﬁned cultivation conditions. The wild-type strain Synechocystis 6803
was cultivated using the same process parameters as benchmark. Fur-
thermore, light kinetics were determined for the wild type.
2. Materials and methods
2.1. Strain, medium and culture conditions
Liquid cultures of the strains Synechocystis 6803 and BW86 [32]
were cultivated for 2 weeks in shaking ﬂasks and incubated at 25 °C,
100 rpm, pH 7.5 and a photon ﬂux density (PFD) of 135 μmol m−2
s−1 (PAR photons, photosynthetic active radiation) supplied by
warm-white LED illumination. The culture medium was BG-11 [33]. In
shaking ﬂask cultures, 10 mMHEPES buffer was added to the medium.
Phosphate concentrations in the photobioreactor experiments varied
from16.65, 8.32, 4.16, 3.33 and 2.08 to 1.66mg L−1. Reduced phosphate
concentrationswere achieved by using lower amounts of K2HPO4 in the
culture medium. To prevent potassium starvation, KCl was added in
equimolar amounts. To attain equal starting conditions for the respec-
tive experiments, the inoculumvolumeswere slightly adjusted depend-
ing on the optical densities of the precultures. All chemicals used were
of analytical grade (p.a.) and purchased from Carl Roth, Sigma Aldrich,
VWR Chemicals and Merck.
2.2. Photobioreactor system
Experiments to investigate cyanophycin accumulation were carried
out in ﬂat plate photobioreactors (Midiplate reactor, Fig. S2 in the sup-
plementary material) with a working volume of 1 L and a temperature
of 28 °C. This reactor system was described earlier by Dillschneider et
al. [34]. Light kinetics were determined in ﬂat plate photobioreactors
(Miniplate reactor) with a working volume of 0.2 L. The basic design is
analogous to the Midiplate reactor with inner reactor dimensions for
height, width, depth of 140, 100, 20 mm. Gas ﬂow was adjusted to
0.33 and 0.25 vvm for Midi- and Miniplate reactors, respectively. Prior
to inoculation the reactor system was saturated with 2 to 5% CO2 for24 h. In Miniplate reactors temperature was controlled by a climate
chamber (25 °C, MKK1200, Flohr Instruments) and pH was buffered
with 10 mM HEPES, while 1 M NaOH was used for pH adjustment in
Midiplate reactors. The pH value was set to 7.5. For experiments in
Midiplate reactors, the amount of CO2 and O2 in the exhaust gas was
measured by the gas analyzer M610, Maihak AG. PFD (PAR photons)
was adjusted with a planar light sensor (Li-250, Li-Cor) by measuring
the PFD directly behind theﬁrst glass platewhere photons enter the liq-
uid suspension. The amount of transmitted photons was measured be-
hind the second glass plate. Illumination was supplied using warm-
white LEDs.
2.3. Cyanophycin extraction and quantiﬁcation
Cyanophycin extraction was carried out as described in the protocol
from Elbahloul et al. [24] with somemodiﬁcations. A sample volume of
15 mL was centrifuged (Rotina 420R, Hettich Zentrifugen) for 15 min
with 11,000 rpm and 4 °C and supernatant discarded. The remaining
pellet was dissolved in 1 mL absolute acetone and incubated at room
temperature for 30 min at 900 rpm (orbital shaker KS 501 digital,
IKA). After a second centrifugation step (10 min, 11,000 rpm, 4 °C) the
acetone supernatant was discarded again, the pellet was resuspended
in 1.2 mL 0.1 M HCl and incubated for 60 min at 60 °C and 900 rpm. A
third centrifugation step (10 min, 11,000 rpm, 4 °C) was performed to
remove cell debris as pellet. The supernatant contains the solubilized
cyanophycin. Addition of 720 μL 0.1 M Tris/HCl, pH 8.0, to the superna-
tant and following incubation at 4 °C for 40min leads to precipitation of
cyanophycin. A further centrifugation step (15 min, 11,000 rpm, 4 °C)
was carried out to obtain a cyanophycin pellet. The described precipita-
tion step was repeated once more with the obtained pellet to ensure a
higher purity of the product. After disposal of the supernatant, the pellet
was resuspended in 500 μL 0.1 M HCl. Cyanophycin quantiﬁcation was
carried out according to Messineo [35] by using the Sakaguchi reaction,
a detection method for arginine. L-arginine was used to generate a cali-
bration curve. Each cyanophycin sample was measured in duplicates.
2.4. Ion chromatography
Concentrations of nitrate (NO3−), phosphate (PO43−) and sulfate
(SO42−) were determined by ion chromatography (Metrohm 882 Com-
pact IC plus) equippedwith aMetrosep A Supp 5 column 150/4.0, ﬁlling
material polyvinyl-alcohol with quaternary ammonium groups, as sta-
tionary phase and a conductivity detector (Metrohm). The limit of
quantiﬁcation was 1.0 mg L−1. Mobile phase was an elution buffer
consisting of 3.2 mMNa2CO3, 1.0 mMNaHCO3 and 12.5% (v/v) acetoni-
trile in water. Cyanobacterial samples were centrifuged (10 min,
11,000 rpm, 4 °C) and the supernatant was used for subsequent analy-
ses. An autosampler unit (Metrohm Professional Sample Processor
858) diluted and injected the samples automatically. The phosphor con-
centration was calculated through the determined phosphate concen-
tration by the particular molar mass of phosphor and phosphate,
30.97 g mol−1 and 94.97 g mol−1.
2.5. Determination of cell dry mass concentration and cell density
For CDM determination, duplicates of 20 mL cyanobacterial samples
were taken, centrifuged (15 min, 6000 rpm, 4 °C, Rotina 420R, Heraus),
washed and incubated in a drying chamber (48 h, 80 °C). The resulting
pellets were cooled down to room temperature and weighed on an an-
alytical balance (Kern & Sohn GmbH ABJ 320-4). A synchronous mea-
surement of the optical density at 750 nm (spectrophotometer
Lambda 35, Perkin Elmer) enabled the generation of individual calibra-
tion curves for each experiment. A reproducible correlation factor of
0.179 g CDM L−1 per OD750nm for wild type (R2 = 0.997) and 0.177 g
CDM L−1 per OD750 nm for BW86 (R2 = 0.999) was determined. Cell
density was measured via ﬂow cytometry (Guava EasyCyte 6–2 L,
Fig. 1. Growth rate of Synechocystis 6803 in dependence on light intensity (photon ﬂux
density, PFD) at 25 °C, pH 7.5 and 5% CO2. The point of intersection of the dashed lines
represents the transition from the photo-limited to the photo-saturated range, Ik =
46 μmol m−2 s−1; maximum growth rate was 1.32 d−1. Error bars represent the
standard deviation of one representative batch cultivation.
191A. Trautmann et al. / Algal Research 20 (2016) 189–196Merck Millipore). Cyanobacterial cells were counted by gating RED/
RED2 ﬂuorescence; RED = red laser, ﬁlter bandpass 690/50; RED2 =
red laser, ﬁlter bandpass 661/19. The cell density of each sample was
measured in triplicates.
2.6. Calculation of speciﬁc growth rate
The speciﬁc growth rate μ in d−1was determined from the initial ex-
ponential phase according to eq. (1) where cX,2 is the cell concentration
on time point t2 and cX,1 the cell concentration on time point t1. Using
the optical density at 750 nm instead of cX would also be applicable.
μ ¼ ln cX;2
cX;1
 
∙
1
t2−t1
ð1Þ
2.7. Calculation of photo conversion efﬁciency
Photo conversion efﬁciency (PCE) was calculated as the quotient of
EX, the captured biomass energy, divided by Eabs,light, the absorbed
light energy (Eq. (2)).
PCE ¼ EX
Eabs;light
∙100 ð2Þ
According to Dillschneider et al. [34], by assuming an average pho-
ton energy Ephoton of 210.48 kJ mol−1 for the illumination device and
an combustion enthalpy of cyanobacterial biomass ΔHX of 22 kJ g−1
[36], EX and Eabs,light can be deﬁned as follows (eq. (3)):
PCE ¼ Px ∙ΔHX
Ephoton∙
AF
VR
∙ I0−Itransð Þ∙Δt
∙100% ð3Þ
with PX as the volumetric CDMproductivity in g L−1 d−1, AF inm−2 the
illuminated surface area of the liquid reactor volume VR in L, I0 and Itrans
in mol m−2 d−1 represents the incident and transmitted PFD. Start and
end time of the PCE calculation interval is deﬁned as Δt [d]. It has to be
mentioned that ΔHX can change with biomass composition [34]. The
measurements for I0 and Itrans were performed in triplicates using a pla-
nar light sensor (Li-250, Li-Cor).
2.8. Calculation of cyanophycin and phosphor quota
The calculations of cyanophycin and phosphor quota are given in Eq.
(4). Either cyanophycin cCP (w/v) or phosphor concentration cP (w/v) is
used for ci with reference to themeasured CDM concentration cX (w/v).
qi;X ¼
ci
cX
ð4Þ
By the evaluation of quotas (w/w), it is possible to determine the
speciﬁc content of the investigated substance within the produced bio-
mass. Quotas can be seen as an expression for theoretical balance
boundary of cells.
2.9. Statistical analysis
One representative photobioreactor experiment was performed for
each initial phosphate concentration and light intensity. The measure-
ment of cyanophycin, optical density and cell density were conducted
in duplicates, while PFD was measured in triplicates. A correlation
curve enabled the determination of CDM in triplicates from optical den-
sity measurements. The software Microsoft Excel 2013 was used to cal-
culate average and standard deviation values as well as one-way
analysis of variance (ANOVA) with a statistical signiﬁcance of p =
0.05. For IC analysis, an absolute analytical error of 10% was applied.3. Results
3.1. Growth rates in dependency of photon ﬂux densities
A light kinetics curve for the strain Synechocystis 6803 was deter-
mined in Miniplate photobioreactors to identify the reasonable irradi-
ance for maximum growth (Fig. 1). Therefore, PFD were adjusted to
15, 25, 50, 100, 160, 250 and 450 μmol m−2 s−1. For each irradiance
used, one batch experiment was performed and speciﬁc growth rate μ
in d−1 was determined according to Eq. (1). The particular growth
curve for each light intensity applied can be found in Fig. S2 in the sup-
plementary material. Since low biomass concentrations b0.125 g CDM
L−1 were used to study the effect of PFD on growth rate, the formation
of a light gradient can be neglected. In our experiments the maximum
growth rate was 1.32 d−1, resulting in a generation time of 0.52 d−1
(=ln(2)/1.32 d−1) or a cell division rate of 1.91 d−1 (=1.32 d−1/
ln(2)). We observed that growth rate increased strongly when PFDs in
the range of 15 to 50 μmol m−2 s−1 were applied, while in the range
of 100 to 450 μmol m−2 s−1 μ showed only a slight increase. The point
of intersection between the dashed lines in Fig. 1 represents Ik, the tran-
sition from photo-limited to the photo-saturated region. Ik was deter-
mined to be 46 μmol m−2 s−1. This means that in the light-limited
region, lower than 46 μmolm−2 s−1, growth rate is directly proportion-
al to irradiance whereas in the light-saturated region, above 46 μmol
m−2 s−1 this relation is no longer valid and the growth rate reaches
its maximum at around 150 μmol m−2 s−1. However, for future exper-
iments it would be reasonable to use a PFD slightly higher than Ik to
achieve high growth rates with the lowest possible light intensity
supplied.
3.2. Cultivation of Synechocystis BW86 under phosphate starvation
Batch experiments in Midiplate reactors were performed with dif-
ferent concentrations of phosphate in the culture medium in order to
investigate the potential of Synechocystis BW86 to accumulate the bio-
polymer cyanophycin. Initial phosphate concentrations varied from
16.65, 8.32, 4.16, 3.33 and 2.08 to 1.66 mg L−1 (corresponding to 5.43,
2.71, 1.36, 1.09 and 0.68 to 0.54 mg L−1 phosphor). Furthermore, the
wild-type strain Synechocystis 6803 was cultivated under same condi-
tions as benchmark. Since the phosphate availability affects both
cyanophycin accumulation and metabolism maintenance, we were
able to evaluate how the concentration of the internal cellular
192 A. Trautmann et al. / Algal Research 20 (2016) 189–196phosphate, i.e. the phosphor quota qP,X (in mg initial phosphor per g
CDM), speciﬁcally inﬂuences the cyanophycin concentration, i.e. the
cyanophycin quota qCP,X (in g cyanophycin per g CDM), as well as the
transition to stationary growth phase. I0 was manually adjusted to
70 μmol m−2 s−1 prior to each experiment in accordance to Ik (ﬁg. 1)
and in order to facilitate the comparability with Watzer et al. [32]. The
initial biomass concentration (CDM) for all experiments was 0.03 g L−1.
Fig. 2 shows exemplarily a batch cultivation with an initial phos-
phate concentration of 3.33 mg L−1 (corresponding to 1.09 mg L−1
phosphor). Concentration gradients of CDM cX, phosphor cP,
cyanophycin cCP and the PFD of transmitted photons Itrans are given in
Fig. 2A. Fig. 2A can be deﬁned as the balance boundary “cell suspension”,
showing volumetric quantities. Fig. 2B shows the cell concentration
ccells, phosphor quota qP,X and cyanophycin quota qCP,X and therefore
can be deﬁned as the balance boundary “cells”, showing speciﬁc quanti-
ties. During the ﬁrst 4 days cells were growing exponentially while Itrans
decreased to 19 μmol m−2 s−1, corresponding to a decrease of 67%.
From day 4 to 8 growth extends linearly and merges into the stationary
phase from day 8 to 9. Due to the increasing biomass concentration,
Itrans decreased below 6 μmol m−2 s−1 until cultivation day 13. The cul-
tivationwas ﬁnished at day 13with amaximum biomass concentrationFig. 2.Batch cultivation of Synechocystis BW86 under phosphate starvation independence of cul
cyanophycin concentration cCP and PFD of transmitted photons Itrans, B: cell concentration cce
cyanophycin per g CDM]. Cultivation parameters: I0 70 μmol m−2 s−1, 28 °C, pH 7.5–8.0, 2%
standard deviation (b1%) was observed.of 1.1 g L−1. Concerning the low amount of transmitted light at the end
of this experiment, the cells are light limited at this point. As can be seen
in Fig. 2 light limitation usually leads to linear growth. Hence, with
phosphate as the only depleted nutrient, stationary growth phase was
induced due to phosphate limitation. The predetermined amount of
phosphor was consumed within the ﬁrst 24 h of cultivation as con-
ﬁrmed by ion chromatography (Fig. 3). Incident and transmitted PFD
were measured to calculate the photo conversion efﬁciency (PCE,
Table 1). The calculation of PCE was performed according to chapter
2.7 and yielded a value of 5.5% for this exemplary batch cultivation.
Cyanophycin concentration increased 8.5fold from 40 to 340 mg
L−1, resulting in a cyanophycin quota qCP,X of 0.14 and 0.34 g
cyanophycin per g CDM, respectively. After entering the stationary
phase, cCP did not increase anymore. By considering the progression of
qCP,X in Fig. 2B an increase in cyanophycin content was observed during
the linear phase. During the stationary phase, qCP,X decreased slightly
from 0.34 to 0.32 g cyanophycin per g CDM. This decline can be attribut-
ed to the increase in cX from 1.0 to 1.1 g L−1 despite steady cell concen-
trations ccells, which indicates that cyanobacterial cells increase their
weight, probably by accumulating proteins or storage compounds like
lipids, PHB or glycogen. The amount of initial phosphor per CDM qP,Xtivation time tc. A: cell drymass (CDM) concentration cX,media phosphor concentration cP,
lls, phosphor quota qP,X [mg initial phosphor per g CDM] and cyanophycin quota qCP,X [g
CO2. Except for qP,X no error bars are given since no signiﬁcant difference regarding the
Fig. 3.Nutrient consumption during Synechocystis BW86 batch cultivation under phosphate starvation in dependence of cultivation time tc. The nutrient concentrations of nitrate (cNO3),
phosphate (cPO4) and sulfate (cSO4) were determined. Error bars mark an absolute analytical error of 10%.
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tial phase, qP,X was already reduced to 4.1 mg/g and reduced further to
1.2 and 1.0 mg/g at the end of linear and stationary phase, respectively.
The data presented in Fig. 2B show that the highest increase in
cyanophycin content occurred in the range of 4.1 to 1.2 mg phosphor
per g CDM and that the stationary phase was initiated at 1.0 mg phos-
phor per g CDM. This value corresponds to a phosphor content of
5.5 ng phosphor per cell. Thus, according to the determined values for
qP,X and under consideration of the growth curves, the entry to the sta-
tionary phase presumably occurs at phosphor quotas of 1.0 mg phos-
phor per g CDM or 5.5 ng phosphor per cell. The accumulation of
cyanophycin occurs between 4.1 and 1.2 mg phosphor per g cell or
16.6 to 6.0 ng phosphor per cell. The nutrients nitrate and sulfate were
sufﬁciently available since their ﬁnal concentrations at the end of the
cultivation were estimated as 0.86 g nitrate L−1 and 12.1 mg sulfate
L−1 (Fig. 3).
It was furthermore possible to evaluate the speciﬁc cyanophycin for-
mation rate rCP in d−1, and the speciﬁc growth rate μ in d−1. rCPwas cal-
culated according to Eq. (5) where ci,2 is the cell concentration on time
point t2 and ci,1 the cell concentration on time point t1.
rCP ¼
cCP;2−cCP;1
t2−t1
∙
1
cX;2
ð5Þ
A linear stoichiometric correlation between rCP and μwas observed.
The slope of the estimated speciﬁc rateswasdetermined to be 0.33 (cor-
relation coefﬁcient R2 = 0.999, Fig. 4).Table 1
Initial phosphor concentrations cP,initial, calculated from applied K2HPO4, and corresponding ﬁ
photosynthetic conversion efﬁciencies (PCE) for the photoautotrophic cultivation of Synechoc
for cP,initial and qCP,end,X represents an absolute analytical error of 10%. The respective columns
cP,initial cX,end [g L−1] ccells,end [mL−1]
[mg L−1] BW86 6803 BW86 6803
5.43 ± 0.54 2.1 2.3 4.0 × 108 4.3 × 108
2.71 ± 0.27 2.2 2.4 n.a. 4.5 × 108
1.36 ± 0.14 1.6 2.0 n.a. 3.4 × 108
1.09 ± 0.11 1.1 1.7 2.0 × 108 2.9 × 108
0.68 ± 0.07 0.7 1.1 1.5 × 108 1.9 × 108
0.54 ± 0.05 0.7 0.6 1.5 × 108 8.2 × 107
n.a. = not available3.3. Cyanophycin accumulation of Synechocystis 6803 and BW86 under
phosphate starvation
The engineered strain Synechocystis BW86 and the wild-type strain
were used to investigate the effect of phosphate availability regarding
cyanophycin accumulation. Therefore, several cultivations with differ-
ent initial phosphate concentrations in BG-11mediumwere performed,
using Midiplate photobioreactors. A representative batch process for
Synechocystis BW86 is illustrated in chapter 3.2. The combined results
of all performed batch cultivations regarding the cyanophycin quota
qCP,X in dependence of initial phosphor concentration cP,initial (applied
as K2HPO4 in the medium) and in dependence of phosphor quota qP,X
are shown in Fig. 5. With the reduction of the initial phosphate concen-
tration in themedium (cP,initial ˂ 2.71mg L−1), an increased cyanophycin
quotawas observed in the stationary phase (qCP,end,X). From2.71 to 0.54
mg L−1 a linear increase in qCP,end,X for both Synechocystis 6803 and
BW86 was detected. A maximum of 0.40 and 0.18 g cyanophycin per
g CDM was achieved for mutant and wild-type cultures, respectively
(Fig. 5A).
The diagram in Fig. 5B, representing phosphor quotas to correspond-
ing cyanophycin quotas for Synechocystis BW86 and 6803, reveals that a
certain amount of phosphor should not be exceeded to induce
cyanophycin accumulation. For phosphor quotas higher than 4 mg per
g, no increase in qCP,X was found. In contrast, as soon as qP,X falls
below 4 mg phosphor per g CDM, cyanophycin accumulation occurs.
For qP,X values b1 mg phosphor per g CDM no further increase of qCP,X
was observed because the stationary phase was usually reached at this
point, most likely due to the ongoing decrease in qP,X and the relatednal biomass concentrations cX,end, cell densities ccells,end, cyanophycin quotas qCP,end,X and
ystis BW86 and 6803. Data are means of at least two measurements. Standard deviation
for BW86 and 6803 are signiﬁcantly different (p b 0,05) according to cP,initial.
qCP,end,X [g g−1] PCE [%]
BW86 6803 BW86 6803
0.156 ± 0.016 0.002 ± 0.000 5.8 7.3
0.159 ± 0.016 0.016 ± 0.002 5.7 7.1
0.250 ± 0.025 0.110 ± 0.011 5.7 6.6
0.331 ± 0.033 0.135 ± 0.014 5.5 7.0
0.360 ± 0.036 0.156 ± 0.016 3.1 4.9
0.402 ± 0.040 0.180 ± 0.018 2.8 2.6
Fig. 4. Stoichiometric correlation between the speciﬁc cyanophycin formation rate rCP and
the speciﬁc growth rate μ of Synechocystis BW86 cultivated under phosphate starvation.
No error bars are given since no signiﬁcant difference regarding the standard deviation
(b1%) was observed.
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olism is attributable solely to phosphate limitation, not to light deﬁcien-
cy, as conﬁrmed by the PCE data presented in Table 1. By reducing
cP,initial lower than 1mgphosphor L−1, PCE is reduced aswell. Therefore,
based on the data presented here, it is assumed that ﬁrstly, cell growth
of Synechocystis enters the stationary phase at phosphor quotas below
1 mg phosphor per g CDM and secondly, cyanophycin accumulation is
triggered at phosphor quotas between 4 and 1mg phosphor per g CDM.
The volumetric cyanophycin productivity PCP in Fig. 5D follows an
analogue pattern compared to the cyanophycin quotas of Fig. 5B. For
phosphor quotas higher than 4 mg per g, no increase in PCP was found
whereas lower values for qP,X result in higher productivities up to
38.7 mg cyanophycin per L per day for Synechocystis BW86. However,
low initial phosphor concentrations can lead to a reduction of the volu-
metric cyanophycin productivity in batch mode as shown in Fig. 5C.
A summary of the batch experiments from Fig. 5 regarding ﬁnal bio-
mass concentrations cX,end, cell densities ccells,end, ﬁnal cyanophycin
quotas qCP,end,X aswell as PCE to the corresponding initial phosphor con-
centrations cP is given in Table 1. cX,end was determined gravimetric as
indicated in chapter 2.5. Phosphor concentrations were calculated
based on applied K2HPO4 in the culture medium. The wild type
Synechocystis 6803 generally showed higher values for cX,end and
ccells,end, indicating a higher conversion of incorporated phosphor to bio-
mass. In return, qCP,end,X in the wild type was lower compared to the
strain BW86, suggesting that the engineered strain preferably uses the
available resources for cyanophycin synthesis with an negative effect
on biomass production. By considering the calculated PCE results, it is
obvious that the wild-type strain is more efﬁcient in converting
absorbed energy to biomass. Except for the two lowest phosphor con-
centrations, the maximum PCE was between 6.6 and 7.3% for the wild
type and between 5.5 and 5.8% for the mutant, indicating that
Synechocystis BW86 is less effective in the conversion of photons, prob-
ably due to the introduced mutation. The calculation of PCE is given in
chapter 2.6.
4. Discussion
The growth rate of Synechocystis 6803 in dependence on PFDwas in-
vestigated in Miniplate photobioreactors (Fig. 1). Maximum growth
rate was determined as 1.32 d−1. A former study investigated thegrowth rate of Synechocystis minima at different PFD in light/dark cycles
and different temperatures. Cultivation conditions of 32 °C and
125 μmol m−2 s−1 resulted in a similar maximum growth rate of 1.32
d−1 [37]. Though Synechocystis minima and Synechocystis 6803 belong
to the same genus, the maximum growth rates are not directly compa-
rable. Bland and Angenent [38] cultivated Synechocystis 6803 at differ-
ent light regimes and room temperature. White light did not induce
photoinhibition even at high PFD up to 1000 μmol m−2 s−1. Photo-sat-
uration occurred at 200 μmol m−2 s−1 with growth rates between 1.2
d−1 and 1.44 d−1 [38]. Hence, the data presented here conﬁrm previous
studies since maximum growth rates and the photo-saturated area are
in the same order of magnitude although different temperatures, i.e.
25 °C and 32 °C, were applied. Since temperature presumably affects
the growth rate, it would be worthwhile to investigate this impact on
light kinetics in future studies.
To investigate the ratio of the energy output that can be obtained
from the produced biomass to the supplied light energy, PCEwas calcu-
lated for batch cultivations with Midiplate photobioreactors, using dif-
ferent initial phosphate concentrations (Table 1). A theoretical
maximum PCE value of 12.4% is described in literature. In real cultures
the PCE is lower depending on the photobioreactor system or cultiva-
tion environment. Values between 1.5 and 5.0% are cited although
higher PCEs can be reached by means of favorable light distribution
[39]. Touloupakis et al. [36] reported PCE values between 7.7 and
11.9% by growing Synechocystis 6803 in continuous cultures. The com-
parably high PCE levels were achieved in particular by applying high di-
lution rates, indicating that the reduction or avoidance of dark zone
formation in the reactor can lead to an increased PCE. Regarding the
PCE information from literature, we assume that the utilized
photobioreactor system is adequate for the cultivation of Synechocystis.
PCE values between 5.5 and 7.3% as achieved in this study for initial
phosphate concentrations between 16.65 and 3.33 mg L−1 (corre-
sponding to 5.43 and 1.09 mg L−1 phosphor) are common and have
no adverse effect on phototrophic cells. In order to achieve higher PCE
values continuous grown cultures might be an option.
In chapter 3.2 an exemplary growth curve was shown for a batch
cultivation of Synechocystis BW86 under phosphate starvation (Fig. 2).
We observed that cell growth proceeds despite phosphor depletion.
For that reason we assume that polyphosphate granules were enriched
within the ﬁrst 24 h and supplied the organismwith phosphor until the
stationary phase was reached. Moreover, it is likely that the cells de-
graded their phycobilisomes. Bleaching of the culture from a blue-
green to a yellowish color was observed during process time (unpub-
lished data). This effect was already described earlier for Synechococcus
sp. PCC 7942 grown under nitrogen, sulfur and phosphor deprivation in
50 mL culture tubes, bubbled with 3% CO2 in air [40]. Nutrient depriva-
tion of cyanobacterial cells leads to degradation of phycobilisomes after
sulfur or nitrogen deprivation. Collier andGrossman [40] also reported a
partial degradation of light-harvesting phycobiliproteins in
cyanobacteria after phosphor deprivation. Hence, it is reasonable to
run a cyanophycin production process at phosphor quotas qP,X in
which a high PCE value is reached despite the fact that phycobilisomes
are degraded, i.e. between 1 and 3 mg phosphor per g CDM (see
Table 1 or Fig. 5B). Of course, nitrogen and sulfur deprivations have to
be avoided. A further degradation of phycobilisomes due to nutrient
deprivation would result in lower PCE values.
Nutrient consumption of Synechocystis BW86 revealed a linear de-
crease of NO3− and SO42− concentrations (Fig. 3) until stationary growth
phase was reached. In terms of cultivating this strain under phosphate
starvation, the use of lower amounts of these nutrients in the medium
would be feasible regarding the fact that only 26% of the available
NO3− and 50% of the available SO42− in the BG-11 medium were con-
sumed. The linear correlation between rCP and μ in Fig. 4 point out
that considered phosphate depletion has no adverse effect on the
growth efﬁciency of cells as additionally conﬁrmed by the comparably
high PCE (Table 1). Progressing phosphate starvation force the cell to
Fig. 5. Effect of phosphate availability on cyanophycin accumulation and productivity in Synechocystis 6803 and BW86; A: cyanophycin quota in the stationary phase qCP,end,X [g
cyanophycin per g cell dry mass] in dependence of initial phosphor concentration cP,initial [mg L−1]; B: cyanophycin quota qCP,X in dependence of phosphor quota qP,X [mg phosphor
per g cell dry mass]; C: volumetric cyanophycin productivity in the stationary phase PCP,end [mg cyanophycin per L per day]; D: volumetric cyanophycin productivity PCP [mg
cyanophycin per L per day]. The dashed line shows the trend of the respective quota and productivity. Cultivation parameters: I0 70 μmol m−2 s−1, 28 °C, pH 7.5–8.0, 2% CO2. For
reasons of clarity no error bars are shown in 4B and 4D, the absolute analytical error in 4A and 4C is 10%.
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2). The subsequent increase in CDM indicates that the remaining nutri-
ents are used to form proteins or storage compounds.
The main focus of this research was to understand how phosphate
availability affects the production of cyanophycin. Previous studies al-
ready described a relation between phosphate concentration and
cyanophycin accumulation [24,32,41]. However, there was a lack of
quantitative information regarding the suitable phosphate concentra-
tion, phosphor quota as well as corresponding PCE so far. The engineer-
ing approach and quantitative data of this work can consequently
contribute to improve cyanophycin production with Synechocystis.
Elbahloul et al. [24] characterized phosphate limitation as the most ef-
fective nutrient limitation for promoting cyanophycin biosynthesis
and accumulation in Acinetobacter calcoaceticus. For small phosphate
amounts of 42 μM, which corresponds to a phosphor concentration of
1.30 mg L−1, higher cyanophycin contents were reported. This value
corresponds to our results for Synechocystis (Fig. 5A). Stevens and
Paone [41] describe the accumulation of cyanophycin granules as a re-
sult of phosphate limitation in Agmenellum quadruplicatum (now
renamed as Synechococcus sp. PCC 7002). So far, heterologous expres-
sion systems like heterotrophic bacteria, genetically engineered yeast
or plants harboring a cyanobacterial cyanophycin synthetase gene(CphA) were used for cyanophycin production in bench scale [3]. The
resulting heterologous cyanophycin differs from native cyanophycin in
the length of the polymer, amino acid composition and solubility. The
unicellular cyanobacterium Synechocystis 6803 can accumulate native
cyanophycin in response to unbalanced growth conditions.
Thework ofWatzer et al. [32] and the results presented here conﬁrm
an enhanced cyanophycin accumulation in cyanobacteria due to deﬁ-
ciency of the element phosphor, in particular for Synechocystis 6803
and the engineered strain BW86. Therefore, phosphate starvation can
be an effective strategy to produce cyanophycin in high yields using
photobioreactors. Theﬂat plate reactorswe used are geometrical similar
to larger ﬂat plate production systems and allow a scale-up to higher
volumes. For open pond or bag systems the geometric differences
should be considered. In terms of productivity, the applied phosphate
concentration and production strategy such as batch or fed-batch is im-
portant to achieve a sufﬁcient volumetric cyanophycin productivity (ﬁg.
5C and ﬁg. 5D).
Based on the data of this work it is furthermore possible to develop a
cultivation process, preferably a fed-batch or continuous process, where
the phosphate availability is controlled to induce an ongoing
cyanophycin production with high cyanophycin yields. Genetic stabili-
zation of the engineered production strain BW86 might be an issue in
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though Guerrero et al. [42] reported that an engineered Synechocystis
6803 strain for ethylene production was stable for N6 months in liquid
culture, it has to be considered that the BW86 strain harbors solely a
point mutation in the PII gene.
5. Conclusion
Aquantitative regulation of phosphate availability in termsof different
initial phosphate concentrations affect the cyanophycin accumulation.
The engineered strain Synechocystis BW86 showed higher cyanophycin
yields compared to the wild type due to the increased NAGK activity.
However, the total produced biomass and PCE values were lower com-
pared to cultivations of thewild type, indicating a less effective conversion
of absorbed photons. The essential amount to induce cyanophycin accu-
mulation is between 1 and 4 mg phosphor per g CDM, while stationary
growth phase was reached around 1 mg phosphor per g CDM. To our
knowledge, this is the ﬁrst study analyzing the speciﬁc necessary phos-
phor quota to trigger cyanophycin accumulation and to initialize station-
ary growth phase of Synechocystis. A maximum growth rate of 1.32 d−1
was found by applying a photonﬂuxdensity of 150 μmolm−2 s−1where-
by the transition from photo-limited to photo-saturated region already
occurred at 46 μmol m−2 s−1. The quantitative statements of this work
allow a scale-up to larger production systems.
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